muscle are accompanied by a generation of rhythmic activity in the membrane potential, such as slow waves or spike potentials [1] . These spontaneous activities may be initiated in the interstitial cells of Cajal (ICC) being distributed in the myenteric layers, since animal models with an impaired development of ICC genetically or immunologically fail to produce rhythmic activity in the intestine [2] [3] [4] . The activities originated in the ICC are considered to be transmitted to longitudinal and circular muscle layers through gap junctions, and this is indeed the case in antrum smooth muscles of the guinea-pig stomach [5] . However, isolated circular muscles of the antrum with no attached longitudinal muscle or functional ICC are also spontaneously active with periodical generation of slow depolarization [6] . Because the slow depolarization differs from slow waves as a result of the former but not the latter being abolished in the presence of caffeine, the slow depolarizations are distinguished as the regenerative potential [6] .
In gastric muscles, the frequency of slow waves is reduced in low Ca 2ϩ solution, suggesting that their generation requires an increase in intracellular Ca 2ϩ concentrations ([Ca 2ϩ ] i ) [1] . Therefore a depolarization of the membrane is expected to enhance the frequency of slow waves because of an increase in the influx of Ca 2ϩ and thus an elevation of [Ca slow wave frequency however, were only 10 to 20% by 20 mV depolarization in the guinea-pig stomach [8] . Thus special regulation mechanisms are considered to be involved for regulation of the frequency of slow waves in the guinea-pig stomach [1] . Huang et al. [9] showed that in this tissue, a depolarization of the membrane by elevating external potassium concentrations ([K ϩ ] o ) increases the slow wave frequency only after the longitudinal muscle layers have been removed. The removal of longitudinal muscle layers would lose some factors, possibly ICC, from the tissue [10] ; thus it is speculated that ICC determines the frequency of slow waves in the stomach.
We investigated the voltage sensitivity of the frequency of slow waves in the circular smooth muscle of the guinea-pig antrum by changing the membrane potential with elevating [K ϩ ] o or by electrical stimulation. Two types of tissues were prepared: One contained two layers of smooth muscles with ICC (intact tissue), and the other had circular muscle alone (circular tissue). The presence or absence of functional ICC was determined by the effects of 1 mM of caffeine, as indicated previously [5, 6] , and tissues that produced no spontaneous activity in the presence of caffeine were accepted as the circular tissues. The results indicated that the frequency of spontaneous activity was voltage dependent, and depolarization accelerated the frequency, regardless of the presence or absence of longitudinal muscles. However, the voltage dependency disappeared when the membrane had been depolarized beyond a certain level. We suggest that the refractory period for the generation of slow waves may be the key factor to determine the maximum frequency of their occurrence.
METHODS
Albino male guinea-pigs weighing 250 to 300 g were anesthetized with ether and exsanguinated from the femoral artery. All animals were treated ethically according to rules of the JST Animal Use and Care Committee. The stomach was excised and opened by cutting along the small curvature in Krebs solution. The mucosal layers were removed by cutting with fine forceps, and smooth muscle tissues were isolated from the antrum region. Two types of preparation were made, circular muscles with attached longitudinal layers (intact tissue) and those with no attached longitudinal muscle (circular tissue). Each tissue had 3 to 5 circular muscle bundles about 0.5 mm wide and 1.5 to 2.0 mm long. The circular tissue was prepared by a mechanical removal of the longitudinal muscle layer with fine forceps. The tissues were further tested for responses to 1 mM caffeine, and those that produced no spontaneous activity in the presence of caffeine were accepted as the circular tissue. The tissue preparation was mounted with the mucosal layer uppermost on a silicone rubber plate that was fixed at the bottom of the organ bath (8 mm wide, 8 mm deep, 20 mm long) and immobilized by tiny pins. The tissue was superfused with warmed (35°C) Krebs solutions at a constant flow rate of about 3 ml/min.
Smooth muscle tissues were stimulated extracellularly by suction electrode, as reported previously [11] . Briefly, rectangular thin strips 0.2 to 0.3 mm wide (which contained 2 or 3 circular muscle bundles) and about 10 mm long were prepared from intact or circular tissues, and one end of the tissue was drawn into a glass capillary suction electrode (the tip diameter being 0.2 to 0.3 mm). The tissues left outside the electrode (usually about 3 to 5 mm long) were placed on the rubber plate and immobilized by the use of tiny pins. The microelectrode was penetrated to the immobilized part to record electrical responses of smooth muscle cells. Electrical stimulation was applied to tissues through the suction electrode connected to the electric stimulator (SEN-8101, Nihon Kohden, Tokyo, Japan). The electrical responses of circular smooth muscle cell were recorded by using glass capillary microelectrodes filled with 3 M KCl (tip resistance, 50 to 80 M⍀). The recorded responses were displayed on a cathode-ray oscilloscope (SS-7602, Iwatsu, Japan) and stored in a personal computer for later analysis.
The Krebs solution had the following ionic composition (in mM): Na ϩ 137. 4 The drugs used were atropine sulfate, apamin, caffeine, and N -nitro-L-arginine (nitroarginine) (all purchased from Sigma Chem., St. Louis, MO, USA). These drugs were dissolved in distilled water, then further diluted to Krebs solution to prepare the desired concentrations. The volume of the drug-containing solution added was less than 1% of Krebs solution, and this procedure did not modify the solution's pH.
Observed values were expressed by the mean Ϯ standard deviation (SD), and their statistical significance was determined by using paired and unpaired Student's t-test and factorial ANOVA. The probabilities of less than 5% (pϽ0.05) were considered significant.
RESULTS

Slow waves and regenerative potentials
In intact tissues, circular smooth muscle cells were spontaneously active with a generation of slow waves, and the membrane potential at the most negative state ranged from Ϫ70 to Ϫ55 mV (mean, Ϫ62.7Ϯ3.6 mV, nϭ15). The amplitude of slow waves ranged from 20 to 35 mV (mean, 25.9Ϯ3.9 mV, nϭ15), and the time between the peak of slow waves (interval) ranged from 10 to 30 s (mean, 13.1Ϯ6.0 s, nϭ15). These slow-wave properties were much the same with those reported by Tomita [1] . Smooth muscle cells of the circular tissue showed the resting membrane potential ranging from Ϫ75 to Ϫ60 mV (mean, Ϫ65.0Ϯ5.3 mV, nϭ14), the values being similar to those recorded from intact tissues (pϾ0.05). The circular tissues were also spontaneously active with the generation of regenerative potentials. The amplitude and interval between the peaks of the regenerative potentials were 30.4Ϯ7.0 mV (nϭ14) and 24.1Ϯ7.5 s (nϭ14), respectively.
When 1 mM caffeine was applied to the superfusate, the regenerative potentials generated in circular tissues were abolished, and the slow waves remained generated with reduced amplitude and frequency ( Fig.  1 ). The effects of caffeine were tested in all tissues used in the present experiments, and those that generated no spontaneous rhythmic activity in the presence of 1 mM caffeine were accepted as circular tissues. In intact tissues, 1 mM caffeine reduced the amplitude of slow waves to 47.0Ϯ22.0% (nϭ17; pϽ0.001) and increased the interval between slow waves to 2.1Ϯ1.3 folds (nϭ17; pϽ0.005). The recovery from the inhibition by caffeine was very rapid, either in intact or circular tissue, and usually it required 2 to 3 min for complete recovery.
Effects of high-potassium solution on spontaneous activity
Increasing (Fig. 3B) .
The relationships between the amplitude of slow waves or regenerative potentials and membrane potentials at different [K ϩ ] o solutions were summarized in Fig. 3C , or D, respectively. In both slow waves (Fig.  3C ) and regenerative potentials (Fig. 3D) , the amplitude was reduced by depolarization of the membrane Gastric Slow Wave Frequency and disappeared at Ϫ36.8Ϯ5.8 (nϭ13) and Ϫ34.9Ϯ 4.0 mV (nϭ12), respectively. These values were not significantly different (pϾ0.05). The amplitudes of slow waves or regenerative potentials were fitted to a regression line calculated by using the least square method: YϭϪ26.1Ϫ0.809X (nϭ77, rϭ0.851) for slow waves or YϭϪ27.8Ϫ0.897X (nϭ80, rϭ0.899) for regenerative potentials (Y, amplitude; X, membrane potential; r, correlation coefficiency). The interval of slow waves varied between preparations, especially when the membrane potentials were negative more than Ϫ50 mV, but the values reduced successively with depolarization and converged to a similar value at membrane potentials of around Ϫ45 mV (Fig.   3E ). The mean value of the interval of slow waves generated in the membrane potentials above Ϫ45 mV was 7.9Ϯ1.0 s (nϭ22), the same as with regenerative potentials (Fig. 3F) , and the intervals, which varied widely in the resting level, reduced successively with depolarization and converged to a similar value. The interval of regenerative potentials generated in the membrane potentials above Ϫ45 mV was 9.6Ϯ0.9 s (nϭ24).
These results indicated that the amplitude and frequency of spontaneous activity (slow wave in intact tissues, regenerative potential in circular tissues) reduce with depolarization of the membrane. The interval of these activities was found to reach a stable Japanese Journal of Physiology Vol. 50, No. 6, 2000 K. NOSE, H. SUZUKI, and H. KANNAN value of about 8 to 10 s at about Ϫ45 mV, and the value did not reduce further with additional depolarization. As the frequency of slow waves or regenerative potentials differed between cells, the regression lines for changes in the interval of slow waves or regenerative potentials generated in membrane potentials more negative than Ϫ45 mV were calculated for individual preparations. The results indicated that the regression lines converged to a similar value with depolarization, both in slow waves (Fig. 4A ) and in regenerative potentials (Fig. 4B) . When the slopes of each regression line were plotted as a function of the interval at the resting level, the relationship was linear and the slope was similar for both slow waves and regenerative potentials (Fig. 4C) . These results indicate that the voltage-dependency of the frequency is much the same for slow waves and regenerative potentials.
The smooth muscle of the antrum receives projections from cholinergic excitatory and nonadrenergic noncholinergic (NANC) inhibitory nerves [12] , and some contribution of nitroxidergic nerves in the latter is also confirmed [13, 14] . An application of high [K ϩ ] o solutions would depolarize these nerves to release neurotransmitters that might modulate spontaneous activities of smooth muscles. Experiments were carried out to determine a possible involvement of neuronal components in the effects of 15.3 mM [K ϩ ] o solution on the interval of slow waves or regenerative potentials by using atropine, an inhibitor of muscarinic receptors; nitroarginine, an inhibitor of the production of nitric oxide (NO); and apamin, an inhibitor of the NANC hyperpolarization. The results summarized in Table 1 
Effects of displacement of membrane potentials with electrical stimulation
Smooth muscles of the intact and circular tissues were stimulated extracellularly by applying electrical current through the suction electrode, and the membrane potential was displaced to depolarized or hyperpolarized levels. Both the amplitude and interval of slow waves (Fig. 5A) or regenerative potentials (Fig.  5B) were decreased by depolarization and increased by hyperpolarization. The relationships between membrane potential and amplitude and interval of slow waves or regenerative potentials are summarized in Fig. 5C and D, respectively. The amplitude of these potentials was increased with hyperpolarization and decreased with depolarization, both linearly (Fig. 5C) Ϫ5 M nitroarginine on intervals of slow waves or regenerative potentials were examined in both solutions. Values were expressed by the ratio of intervals in the presence of each drug compared with those in their absence. MeanϮSD, with number of observations in parentheses. (Fig. 5D) , and depolarizations beyond Ϫ45 mV resulted in a production of slow waves at a similar value (11.0Ϯ1.9 s, nϭ5). The interval of regenerative potentials was also changed as a function of membrane potentials (Fig. 5D) , and depolarization beyond Ϫ45 mV again resulted in a generation of regenerative potentials at a similar value (12.2Ϯ2.6 s, nϭ5).
Refractory period for generation of spontaneous activity
In circular tissues, regenerative potentials were evoked by the application of depolarizing stimuli (0.5 s duration) at various times after spontaneous regenerative potentials, and the amplitude of the evoked regenerative potentials was measured. The relationship between the time after onset of the spontaneous regenerative potential and the amplitude of the evoked regenerative potential shown in Fig. 6 indicated that around 8 s were required to produce the evoked regenerative potential with immature amplitude. The amplitude of the evoked responses became larger by increasing the interval (8 to 11 s), and it suddenly reached nearly the maximum at intervals exceeding 11 s. These results indicated that the absolute refractory period for the generation of regenerative potentials is about 8 s, and the relative refractory period appears from 8 to 11 s. In 17 tissues, the mean time for the absolute refractory period was 8.6Ϯ1.4 s and for recovery from the refractory period it was 11.8Ϯ1.8 s. The duration of regenerative potentials measured at the foot was 7.4Ϯ0.7 s (nϭ17), indicating that the recovery from the refractory period required about 4 s after the termination of regenerative potentials.
DISCUSSION
In the guinea-pig stomach, ICC distribute not only in the myenteric layer, but also within the smooth muscle bundles of circular and longitudinal layers [3, 10] . All these cells are spontaneously active with different types of response [5] . Therefore it is argued that some remainders of ICC are in the circular tissues after removal of the longitudinal muscle layers. As caffeine inhibits the responses of circular smooth muscles but not those of ICC, the caffeine-insensitive components of the slow wave appearing in intact tissues are possibly the electrotonic potential components conducted from ICC [5] . Thus we supposed that the circular tissues contained no functional ICC but that the intact tissues did. The experiments were carried out to observe the voltage dependency of the frequency and the amplitude of spontaneous activities appearing in gastric smooth muscles in the presence or absence of functional ICC.
ICC are considered the pacemaker cells in gastrointestinal tissues [2] [3] [4] and also in the guinea-pig stomach [5] . Huang et al. [9] reported that in the guineapig stomach, the frequency of slow waves recorded in circular muscle increased with depolarization only after the removal of longitudinal muscle, and they suggested a possible involvement of ICC as the determinant of the frequency of slow waves. These observations differed from those obtained in the present experiments, and the voltage dependency of the interval of spontaneous activity was not causally related to the presence or absence of functional ICC in the guineapig stomach. These differences may be partly related to the properties of muscle bundles used for the experiments, since the electrical properties of smooth muscle membrane differ between regions in the stomach [12] . Actually, Huang et al. [9] used circular muscle tissues from the pylorus regions; we studied in tissues from the antrum region.
Gastric Slow Wave Frequency The cellular mechanisms for the generation of slow waves in gastric smooth muscles remain unclear. In many types of muscles, Ca 2ϩ is released spontaneously from the internal stores through an activation of ryanodine receptors, and this phenomenon is recognized as the Ca 2ϩ -spark [15] . The locally released Ca 2ϩ will induce the release of Ca 2ϩ from internal stores by the activation of mechanisms such as the calcium-induced calcium-release mechanism [16] . The released Ca 2ϩ will activate a set of ion channels at the membrane to produce slow waves. A generation of regenerative potential is accompanied by an increase in intracellular Ca 2ϩ concentrations, and this increase has nifedipine-sensitive and insensitive components [17] . However, slow waves [5, 18, 19] and regenerative potentials [5, 6] [15] to induce Ca 2ϩ release, thus accelerating the frequency of slow waves. Gastric smooth muscle of mice, which lack an expression of inositol trisphosphate (IP 3 ) receptors, produce spike potentials but not slow waves [20] , suggesting that IP 3 receptor-mediated Ca 2ϩ release is required for the generation of slow waves. Depolarization could increase the production of IP 3 [21] . If this is correct, an increased production of IP 3 may take part of the generation of slow waves in gastric smooth muscles.
The ionic mechanisms for the generation of slow waves also remain unclear. As stated, the voltage-sensitive L-type Ca 2ϩ channels may not be involved in the generation of these potentials. The amplitude of slow waves is reduced linearly with depolarization, and the current flowing during the generation of slow waves reverses at potentials near the equilibrium potential for chloride ions [8] . These observations suggest that the Ca 2ϩ -activated Cl Ϫ channels are involved in the generation of slow waves or regenerative potentials, as they are in the spontaneous activity in lymphatic [22] and urethral smooth muscles [23] . Drugs known to inhibit Ca 2ϩ -activated Cl Ϫ channels, however, do not prevent the generation of slow waves [14, 24] . It is suggested that unidentified ion channels contributing to the generation of slow waves may have long inactivation periods; thus the absolute refractory period for the generation of slow waves may correspond to the time required for the recovery of ion channels from inactivation. Alternatively, the possible involvement of unidentified second messengers in the generation of slow waves is considered, since the generation of regenerative potential by depolarizing stimuli requires a delay of about 1 s [6] ; the value is comparable for production of IP 3 in smooth muscles [25] . Thus the rate of production of depolarization-activated unidentified messengers would determine the maximum frequency of slow waves.
The potential dependency of the frequency of spontaneous activity appeared within a certain range of membrane potentials, and depolarization of the membrane beyond a certain level (about Ϫ45 mV) caused the disappearance of the potential dependency. One possible mechanism of the latter phenomenon may be a contribution of refractory period for the generation of slow waves. In circular tissues, the relative refractory period for the generation of evoked regenerative potentials is 20 to 30 s [6] . The present experiments indicate that the absolute refractory period for a generation of the evoked regenerative potentials was about 8 s and the relative refractory period about 8 to 12 s after the generation of spontaneous regenerative potentials. The interval of regenerative potentials was reduced to 8 to 10 s by depolarization beyond Ϫ45 mV. These values well match the absolute refractory period for regenerative potentials. Thus we suppose that the refractory period may determine the maximum frequency of the regenerative potentials. This may also be so for slow waves, since the voltage dependency of their frequency is similar to that of regenerative potentials.
In summary, the present experiments showed that the frequency of slow waves is voltage-dependent within a certain range of membrane potential, and further depolarization of the membrane causes the voltage dependency to disappear, possibly because of the contribution of a refractory period for the generation of slow waves. As all these properties are observed irrespective of the presence or absence of ICC, it is suggested that circular muscles have an ability to determine the frequency of slow waves in the guinea-pig stomach.
